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Abstract. We investigate envelope solitary waves on square lattices with two degrees of freedom and
nonlinear nearest and next-nearest neighbor interactions. We consider solitary waves which are localized in
the direction of their motion and periodically modulated along the perpendicular direction. In the quasi-
monochromatic approximation and low-amplitude limit a system of two coupled nonlinear Schrédinger
equations (CNLS) is obtained for the envelopes of the longitudinal and transversal displacements. For
the case of bright envelope solitary waves the solvability condition is discussed, also with respect to the
modulation. The stability of two special solution classes (type-I and type-II) of the CNLS equations is
tested by molecular dynamics simulations. The shape of type-I solitary waves does not change during
propagation, whereas the width of type-II excitations oscillates in time.

PACS. 03.40.Kf Waves and wave propagation: general mathematical aspects — 63.20.Ry Anharmonic
lattice modes — 62.20.Pw Mechanical properties of solids

1 Introduction

The dynamical and thermodynamical properties of anhar-
monic chains have been studied both analytically and nu-
merically by many authors over the last three decades (for
reviews, see e.g. [1-6]). It was shown that these anhar-
monic chains can bear both kink-like excitations which in
the long-wave approximation are solutions of a Boussinesq
type of equation and envelope solitary waves which are
described by a nonlinear Schrédinger (NLS) type of equa-
tion. They are very robust and propagate without energy
loss, and their collisions are almost elastic even beyond
the range of the continuum approximation.

However, the studies of nonlinear excitations in two-
dimensional anharmonic lattices are much less developed.
The main attention has been paid to the investigation
of nonlinear excitations in models of two-dimensional lat-
tices with only one scalar degree of freedom per lattice
site. Eilbeck [7] and Duncan et al. [8] studied a strongly
anisotropic two-dimensional lattice which is described by
the Kadomtsev-Petviashvili equation in the continuum
limit. Druzhinin and Ostrovskii [9] considered nonlinear
excitations in quadratic and hexagonal lattices with a cu-
bic anharmonicity and showed the existence of cylindrical
solitary wave fronts. Kivshar [10] investigated the influ-
ence of nonlinearity on shear horizontal elastic waves and
showed the possibility to observe bright and dark enve-
lope solitary waves. Pouget et al. [11] studied nonlinear
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properties of two-dimensional anharmonic lattices on peri-
odical substrates and investigated energy localization and
gap local pulses. Bonart and coauthors [12] studied an-
harmonic excitations which are localized at the surface of
two- and three-dimensional lattices.

Until recently there have been only a few analyt-
ical and numerical studies of two-dimensional lattice-
dynamical models with two-component displacement vec-
tors. Gaididei et al. [13] showed that the propagation of
axi-symmetric nonlinear acoustic pulses is governed by a
radial Boussinesq equation which is a cylindrical analogue
of the one-dimensional Boussinesq equation. Bonart et al.
[12] considered intrinsic localized anharmonic modes at an
edge of a 3-dimensional crystal taking into account real-
istic interatomic interaction potentials and proved their
stability over times much longer the vibrational period.
Eilbeck [14] found in a two-dimensional hexagonal lattice
model localized propagating breathers. Quite recently we
presented the results of investigations of solitary excita-
tions on square lattices with nonlinear interactions be-
tween nearest and next-nearest neighbours taking into
account anharmonic interactions of third and fourth or-
der [15]. We searched for solitary waves depending only
on one space variable and in the continuum limit we ob-
tained a Zakharov-like set of two coupled nonlinear partial
differential equations for the longitudinal and transversal
displacements. We got localized solutions which were used
as initial conditions for computer simulations. For the case
of Morse interatomic potentials we found solitary waves
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which are a combination of a kink and an envelope solitary
wave for the longitudinal and transversal displacements,
respectively. The goal of this paper is to expand on the re-
sults of [15], taking into account the dependence of atomic
displacements on two spatial variables. The approach of
the present work is to obtain analytical expressions for
solitonic excitations in square lattices with in-plane dis-
placements using the quasicontinuum approximation and
compare these expressions with the results of numerical
simulations.

The remainder of this paper is outlined as follows.
In Section 2 we introduce our model which is a two-
dimensional quadratic lattice model with anharmonic in-
teractions of third and fourth order. We consider the ef-
fect of nonlinearity on the propagation of two-dimensional
elastic waves. In the quasi-monochromatic approximation
and for low-amplitude modulation we show that the ba-
sic equations governing the lattice dynamics are reduced
to a system of coupled nonlinear Schrédinger equations
in the slow variables. In Section 3 we deal with numeri-
cal simulations using as initial conditions analytical solu-
tions obtained from the system of nonlinear Schrédinger
equations. Section 4 is devoted to a summary and con-
cluding remarks. In the Appendix we present an alterna-
tive derivation of the governing equations based on the
multiple-scale perturbation method.

2 System and equations of motion

We consider a quadratic two-dimensional lattice of parti-
cles of mass m (m = 1) with lattice spacing a (a = 1).
The displacement of the nth particle from equilibrium is
u(n,t) where u = (ug,uy) as well as n = (ng,n,) are
two-dimensional vectors. In the following, to simplify some
formulas we will denote u, also as ui, u, as ug, etc. The
Lagrangian of our system is given by

L=T-U. 1)

Here

= 33N ia(m)ian) 2)

is the kinetic energy,

= 23S Va(lA + u(n) - uln - A))) - Va(lA))
2
n A
(3)

is the the potential energy of the system.

Va(|r]) is the interaction potential of two atoms and
is a function of their separation |r| only, A = (4,,4,)
being the vector which connects an atom with its near-
est (A = (£1,0),(0,£1),A = 1) and next-nearest neigh-
bors (A = (17 1)7 (17 _1)7 (_17 1)7 (_17 _1)7 A = \/5)

For stability reasons we include next nearest neighbor
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interactions from the very beginning in the interatomic
potentials.
Expanding the potential function:

Va (A +u(n) - u(n—A4))
into a Taylor series up to fourth order of u(n) we get
U =Us+Us + Us. (4)

Here

with

A g

Vap(A) = Ka——— e (6)

is the harmonic part of the potential energy,

=X DD Van(a

Jwa (n, A)wg(n, A)w,(n, A)

n A b,y
(7)
with
1 /3K, AL AgA
Vaso(4) = (T2 1) 5
1 KA A,y Aﬁ Aa
2 <5QBZ oy +ow Ty ) (®)

is the third-order anharmonicity term, and

Uy = %ZZ Z Vaﬁwﬁ(A)wa(IL A)

n A ap7,6

X wﬁ(n7 A)w’Y(n7 A)w5(n7 A) (9)
with
B 5 KA LA 1 AaAﬁAyAé
Vapra(4) = (2 2" a'% MA) Al
1(La Badgy | Asdas | Ayds
+6<A %P)( a7 0t T az et =4y da

A,A Ao A AnA
+ 2 b + ma%ﬁ-A;%@
lKA

+ 5 Az (9apdys + 0ayds + dasdyp)

(10)

is the fourth-order anharmonicity term. In equations (4—
10) the notations

1" A quadratic lattice with pure nearest neighbor interactions
is instable, i.e. the lattice can be distorted to a one dimensional
chain without applying any force.
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swu(k) =K1 (sm (k) + sin (75’)) + K 5
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(sm (Rathy +sin2(@)) (17)

\/K2 sm 7*

2 2
— sin (Ty)) + K\Q/E (sin2(kw;ky) _ sinZ(kw;ky ))

we (N, A) = us(n — A) — ug(n),

d2
Ky = — 11
a=15Val) . (11)
d3
La=
2 da? VA(:E) rz=A
d4
Mp = —
A7 drt Va(z) A

were used.
From the Lagrangian (1) we obtain the equations of

motion
Z Vas(A

+ Z Vaﬁv

A,B,y

+ Z Vaﬁ’y&

A,B,7,6

Jwg(n, A) (12)
Jwg(n, A)w,(n, A)

Jwg(n, A)w, (n, A)ws(n, A).

The transformation
1 ik

—— Z Z e’ nTau(k)Cu (k)
N k v

(ks, ky) being a two-dimensional wave vector,

Tii(k) = Taa(k) = cos(n(k))
To1 (k) = —T12(k) = sin(n(k))

(13)

Uq(n) =

with k =
(14)

where N = N7 Ns is the number of particles in the lattice,
Aa(k)

Ap(k) + /A7 (k) + A5 (k)

tan(n(k)) =

(15)

and

=

Ay(k) = K4 (SinQ(%) - sin2(§)> (16)

Ad(k) = [{\/§ (SiHZ(km;ky) _ Sin2(km;ky))

diagonalizes the harmonic part of the Lagrangian £y =
T—Us. The eigenfrequencies are defined by the expressions

See equation (17) above.

In the small-|k| limit the frequency ws (k) belongs to a lon-
gitudinal acoustic wave while ws(k) belongs to a transver-
sal one.

We will consider nonlinear excitations with frequencies
in a small interval around one of the harmonic frequencies
of the system, say

w = wu(q) (18)
where = 1,2 is a fixed index and q is an arbitrary wave
vector in the first Brillouin zone. To put it in another
way, we will consider envelope solitary waves with carrier
frequency (18) and carrier wave vector q.

To obtain effective equations which describe spatial
and temporal variations of nonlinear excitations in the
chosen frequency interval we used two approaches. The
first one is similar to the method used in [12]. It is rather
heuristic but faster than the second approach which is
based on the multiple-scale analysis (see Appendix).

Let us expand the displacement uq(n,t) into a series
where we separate the fast and slow time dependencies

oo

Z e‘””tug) (n,t)

l=—o00

Uq(n,t) = (19)

where u()( t)

u&il)(n, t) are responsible for the nonlinear properties of

the system in the frequency interval around (18). Taking
into account that the star of the vector q (see e.g. [16])
consists of the following four vectors

( ((xl)( )>* The first harmonics

q= (Qwa)

q = (¢z) —qy)
d g (20)

we can write the expression for S )( ,t) in the form

iqn 1 E ikn
u((ll)(n, t) =e'd \/—N - ek Taﬂ(k+q)¢l‘(k’ t)
i 1 7
RIS R — ™ T,k + d )Yk, t) (21
NI §k u( J¥u(k,t) (21)

where the amplitudes ¢, (k, t) and ¢, (k,t) are the Fourier
components of the envelope functions

\/_ Zeikn(ﬁ” k t)

\/_ Zezknwu k t)

B, (n,t) (22)

v, (n,t)

They are defined only for small |k| and therefore the enve-
lope functions @(n, t) and ¥ (n,t) are slowly varying func-
tions of n. Using equation (22) one can approximately
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write instead of equation (21)

D 2 0, 00) (29

aTau(q/) 3
Zi@q’ 0 v, (n,t).

oD (n, 1) = o (wq)
+eiq'n (Tap,(q/) _

Inserting equation (19) into the equations of motion and
keeping terms (12) up to the second order of ") (n,t) we
obtain the following set of coupled equations

82 (0) (n, ) ZVQB n,t)

+2 Z Vaﬁ’)’

A8,y

(8t —wie 2iwd)u

+ 2 Z VQQW(A (wﬂ

4,8,y

+3 ) Vagrs(A)ws (n,)wi (n
A, 3,7,

Z Vas(A n, t) (25)

(n, t)w (1)(n )+ };”(n,t)wg”(n,t))

S w (0, t);

—4w u(z) (n, t

ZVaﬁ (2) )
+ Z Vapy (A (

A8,y

(26)
)wgl) (n,t).

Equations (24-26) were obtained using the following ap-
proximations;

i) The harmonics u(")(n,t) with |I| > 3 were neglected
because of their smallness (our numerical simulations
show that the third harmonic is 10 times smaller than
the second one).

ii) Both time derivatives on the right-hand-side of equa-
tion (26) were neglected because we will consider only
excitations for which 2w, (q) # w,(2q).

From equation (26) we obtain that the second har-
monic can be expressed as follows

1 )
ESCHEEDY {e%q“Tw(zm

v

W (Q: q, 2q) 2
— 77 P t
22(2q) — dwp(q) ™Y

/) WHI»W<q/7 ql7 2q/)

_|_ eQiqlnTaU (2q

wZ(2q') — 4wi(q’) (1)
i(q+q’)n N W (9,99 +d)
+2e To(a+q )w?,(q—&—q’) — 4wﬁ(q)¢“(n’ t)¥, (n, t)}
(27)
where the notation
k'A
Wown(k, kK k") = 8i Z Z Vapy(A) sin(——) sin( 5 )
A afy
k'’ A
x sin(——)Tau(k)Tpo (k') Ty (k")
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was introduced. It is seen from equations (21, 26) that
the zeroth (quasistatic) harmonic in the expansion (19)
consists of two parts

uO(n,t) = (o (0, t) + Eq(n, ). (29)
The first term in this sum describes a spatially smooth
quasistatic distribution. Its behavior is governed by the
equation

82§a (n,1)

Z Vas(A
_4iz Z Vapy (A)

kk’ A,8,y

{0 (8 T2 @) T ) 040) 5K 1)

— A,t) = (p(n, 1))

sin( (k + k/)A) ei(k-i-kl) n

!/

+sin(T2) 74, (0) T, 0,0 ) w;<—k’,t>} (30)

where ¢,(k,t) and 9, (k,t) are the Fourier transforms of
the amplitude functions defined in equation (22).The sec-
ond term in equation (29) represents a spatially modulated
quasistatic distribution. It can be written as follows

W, l/(q7 q/7q_q/)
n, t ez(q q’ nT q—q J%
o Z Aa=d) wi(a—d')
X W;(n,t)d)”( ) +c.c.

(31)

In what follows we consider nonlinear excitations which
are localized along the z-direction and modulated along
the y-direction. This means that the amplitudes @, (n,t)
and ¥, (n,t) are functions of n, only. The Fourier com-

ponents of the amplitudes @, (n,t) and ¥,(n,t) have the
form
0u(1) = Gy (k) (k) (32
Yu(k) = Vu(ks) 6(ky).-
Thus in the vicinity of the wave vectors (20) one can write
10°
(a8~ (@) 3,00 = (b + 5 22812 6,00
(33)
and the same for ¢, (k). Here v,(q) = 8%”((1) is the

qx
excitation group velocity (note that v,(q) = v,(q")). We
will consider excitations with group velocities v,, less than
the phase velocity of the mode p in the z-direction ¢, =

wp,(kwa Qy)

limg, 0 . Then in the reference frame moving

T
with the group velocity v, when

?, (34)
B, (2
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with 2 = n; — v,t,t = t, the smooth component (,(n,t)
can be considered as static and in the continuum limit it
can be written as follows

9a(n,t)  Rua(q) 5 w12, Buald) = P
8n$ - Cg{ _vz|¢li(z7t)| + Cg{ _”U;% |LDM(Z,t)| (35)
where

Ry =35 Vo () s (352) A, () T
A af
(36)

Inserting equations (27, 29, 31, 35) into equation (25) we
obtain that the amplitudes of the excitations ¢, (z,t) and

U, (z,t) satisfy the set of coupled nonlinear Schrédinger
equations

9. . wu) & -
8—59%(2:75) = wy(q)Tﬁ:@aﬁﬂ(z,t)

+Bll|éu(z7£)|2 éu('Z?{) + Bl?|@u(zvt~)|2éu(zvt~)

, 0 - . 0?w,(q) 02 - .
~2iua) pe(es1) = (@) od D (2,

+B21|qu(z, t~)|2 @u(z’ {) + B22|@u(z? t~)|2 @u(z’ E)

—2iw,(q) (37)

In the equations (37) the second derivatives 852(13, 852@ and
828543, 828,;@ where omitted because, as mentioned above,
the amplitudes @ and ¥ are slow functions of ¢ and z.

In equations (37) the following abbreviations were used

IR (@)
B11=Z< 05—112 +
v~ U

v

1|[Wyu(a,9,2q)
2 w3(2q) — 4w?(a)
- 3Wuuuu(q7 q,q, q)
By =idem (¢ — ¢')
R l,(q)R V(q/)
Bis = Bo1 = Z <_” 2 _52

v 13

|Wp,p,l/(Q7 qlv q-— q/)|2

N (W (a, q’,q+q’)|2)
wi(q—dq) wi(a+d')—4wi(aq)
- 6Wp,p,p,p,(q7 q, q,7 ql) (39)
with the notation
Winp(k, K K K") =8 > Vagys(A)
Aa,B,7,0
kA k'A k" A k"' A
X sin(T) sin( 5 ) sin( 5 ) sin( 5 )
X Topu (k)T (K') Ty (K ) T, (™). (40)

It is seen from equations (38, 28, 36, 40) that By; = Baa.
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It is convenient to change the time variable to 7 =

107
-7 ed) (q)t and rescale the amplitudes of the excitations

2 0¢?
to
Au(ZvT) =/ '% éu(z,t),
m
Bueim) = || 52| Bt ()
"
2
/Bu = Wy Lg;g%)

The function A,(z,7) and B, (z, T) satisfy the set of cou-
pled equations

.0 0? 2
—Z—A”(Z,T) = ﬁAH(ZvT) + su (|AH(Z77—)|

or
3l Bu(2,7)%) Au(z,7)
.0 H? 9
—i—Bu(z,7) = @Bu(z,r) + s, (7M|AH(Z,T)|

or
+Byu(z,7)%) Bu(z,7) (42)
where
B
s, = sign <¢> , (43)
Bu
is Lighthill’s parameter [17] and
By
= —_ 44
7/1‘ Bll ( )

is the cross-phase modulation coefficient.

Thus the nonlinear energy transfer in anharmonic
quadratic lattices is governed by a set of two nonlinearly
coupled NLS equations which is one of the most generic
models of nonlinear physics. Nonlinear coupling mecha-
nisms occur in a large variety of wave phenomena and in
particular in plasma physics, nonlinear optics and fluid
dynamics. Examples are the propagation of transversal
electro-magnetic waves in a cold plasma [18,19], the in-
teraction between Langmuir and ion-acoustic waves [20],
the light propagation in magneto-optically active media
[21], the interaction between the surface wave packets in
fluids [22], etc. The system (42) is not completely inte-
grable. It has been shown [23] to be solvable by the inverse
scattering transform only in the two cases:

i) 7, = 0 (see Zakharov-Shabat [24]),
ii) v, =1,s, =1 (see Manakov [25]).

In the general non-integrable case the system (42) was
studied mostly numerically, but a few powerful approxi-
mate analytical methods were also proposed [26-31].

In the problem under consideration the nonlinear cou-
pling takes place between the waves that belong to the
star of the wave vector (20). When q = o' (¢, = 0)
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Lower Dispersion Branch (p = 2)

Upper Dispersion Branch (p =1)

type Ia and Ib

U

type IT

Gx

Fig. 1. These solution maps show the existence condition s,I,, > 0 for envelope solitary waves in the NLS equation (47) for
the types I and IT under consideration and for each dispersion branch. We use the Morse potential (52) with a1 = a5 = 0.1 for
the potential parameters. In the white areas s, I}, is less than zero, so no localized envelope solution can exist. In the shaded
regions the blackness is proportional to the amplitude of the envelopes (for a fixed width). See the text for further discussion.

there is no modulation in the y-direction. It is seen from
equations (14, 15, 36) that

Tau(q) = 504;1,
Rou(d) = 6 Rl#(q)

Then we obtain from equations (23, 31, 35, 45) that the
excitations with frequencies close to wi(gz,qy = 0) are
pure longitudinal (uy(n,t) = 0), while the excitations with
frequencies near ws(gz,q, = 0) consist of an oscillatory
transversal component uy(ng,t) and a smooth longitudi-
nal displacement ¢, (n, t). In other words, we get the case
which was studied in [15]. In the general case when q # ¢/,
there is a modulation in the direction perpendicular to the
movement of the excitation, and the structure of the exci-
tations is much more complicated. One of the aims of the
present paper is to study the effect of the modulation on
the elastic energy transfer in two-dimensional lattices.

when ¢, = 0. (45)

3 Solitary waves and their interactions

In the following we will examine two special solutions of
(42) when the set of coupled NLS equations reduces to
a single NLS equation. However, keeping in mind, that

equations (42) are approximative solutions of the original
discrete equations of motion (12) only, this is not a real re-
striction. The decoupling condition, which we will consider
in the following, is valid in the continuum approximation
only, doesn’t imply that the description of the discrete
model is restricted by any means. The only reason, why
this way was chosen, is the considerable simplification of
the following analytical treatment.

Hence, we confine ourselves here to an investigation of
two types of solutions

IL: A0, B=0

L: A=0, B#0
II: A=B.

(46)

In all these cases the system (42) reduces to the NLS equa-
tion of the form

2

.0 0
—igFu(nm) = 55 Fule, )+ s Dl B, )P Fu<z,(2)

where I, = 1 for the first type solutions and I, = 1+,
for the second type solutions. Equation (47) has local-
ized solutions only when s,I,, > 0. The dependence
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0.1

T = 14000

Uy
o
T

—0.1 | | | | | |
1300 1350 1400 1450 1500 1550
T

Fig. 2. Profile plot of the longitudinal displacement u, for
a type-l, excitation for time 7' = 0 and time T = 14 000. We
used a wave vector q = (1.8,1.05) and an inverse width of
e =1/L = 0.06. Note that there is practically no radiation.

0.1
T=0
> -
= 0 M
YW
01 I 1 I I I
50 100 150 200 250 300 350
T
0.1
T = 14000
VA‘(A
; 0
—0.1 | | | | | |
1300 1350 1450 1500 1550

1400
T

Fig. 3. Profile plot of the traversal displacements u, of a

type-1, excitation for time 7" = 0 and time 7' = 14 000. Same

parameters as in Figure 2.

12000 | !
8000 i
4000 i

Time

0 500 1000 1500
Fig. 4. Energy density plot for the type-I, excitation from
Figures 2 and 3. Every stripe corresponds to a snapshot of the
lattice where one period of the modulation along the transver-
sal directions is plotted.

of the function s, I, on the carrier wave vector q for a
specific potential is shown in Figure 1. Here we show a plot
for each dispersion branch (u = 1,2) and solution type. In
the white areas s, I', is negative and there are no local-
ized solutions. The brightness in dark areas characterizes
By
I',Bn
this quantity. Taking into account that the solitary-wave

the value of : the darker the point, the bigger is
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6107 [~ hy =0 .
= o310? .
0 | |
- -3 0 3 ™
10
ky = 1.05
S 5 | a
0 | L
-7 -3 0 5 m
—2
1610 ky =2x 1.05
= 81072 - -
' i
0 | J LN
-7 -3 0 3 T
1010 - ky =3 x 1.05 ]
N 1\ I
T 510t AT .
[ | I
!
0 laasfirnen [ G AN
-7 -3 kO 5 T

x

Fig. 5. Space Fourier spectrum of the longitudinal displace-
ments of the type-I, solitary waves in Figure 2. The solid lines
represent the initial spectrum whereas the dashed lines show
the spectrum at time 7" = 14 000. We show different plots for
each harmonic of the transversal modulation (the plot with
ky = 0 corresponds to the kink part of the solitary waves).
One can see clearly that the shapes of the Fourier transforms
are well preserved over time. Note also the different scales of
the amplitudes, which differ at least one order of magnitude be-
tween two successive harmonics. The initially not excited third
harmonic remains very small which confirms our assumption
in equations (24-26).

solution to the equation (47) has the form

2

e 7igz+i(e2fc—2)r h C
S“Z_,Me 2 T /)7sech(e(z + CT))

Fu(z,7)=¢
(48)

where C is the velocity in the moving frame of reference
and € is the inverse width of the excitation, one obtains
By
I',By
according to equation (41). So one can also say that at
fixed width the amplitude of the &,-solitary wave (or ¥,,-
solitary wave) is larger in dark regions than in light ones.
We also see that moving along the g, axis for fixed ¢, one
can be either in a dark area or in a light one. To put it in
another way, the solitary-wave solutions may or may not
exist depending on the modulation wave number g,.

that the amplitudes @, and ¥, are proportional to
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Fig. 6. Space Fourier transform of the transversal displace-

ments of the type-I, excitation in Figure 3.
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Fig. 7. Time Fourier Spectrum for the type-I. excitation from
Figure 2 and 3. The plot shows the time Fourier transforms @,
and 1, of point n = (1380, 2) between the times T' = 12 000 and
T = 14400. The harmonic frequency in this case is wy = 0.21.
Note the logarithmic scale for @, and 4.
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Fig. 8. Profile plot for u, of a type-1I excitation for time 7' = 0
and time T" = 14000. Here we used a wave vector q = (2.3, 1.05)
and an inverse width of e = 1/L = 0.06.
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Fig. 9. Profile plot for u, of a type-II excitation for time
T = 0 and time 7" = 14 000. Same parameters as in Figure 8.
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Fig. 10. The energy which is localized around the center of
solitary waves of type-II versus time. The carrier wave vector is
q = (2.3,1.05), € is the amplitude parameter defined in equa-
tion (48) and A is the length of the interval along the z-axis in
which the energy is measured. The localized energy is inversely
proportional to the width of the solitary waves. The frequency
of the oscillations of the width is approximately proportional
to the square of the amplitudes.
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Fig. 11. Energy density plot for the type-II excitation from Figure 8. Same kink of plot as in Figure 4.

We consider solitary waves which propagate with a ve-
locity equal to the group velocity v,(q) (this means that
we set C' = 0 in equation (48)). In this case we obtain from
(19, 23, 27, 29, 31, 41, 48) that the atomic displacements
uq(n,t) may be written as follows

— 9| Bu | _Buala)
Ia) U (Il, t) = 2e Cg - ’U[,QL (q)

T tanh(e(ns — va(q)t))

(49)

+ 26\/2‘?51 Te(@) cos(an — (wu(a) = 5 wf&l))t)

x sech(e(ne — v (q)t)) + O(€)

L) idem (q — q') (50)
II) ua(n,t) = (51)
Bu Rua(q) + Rua(d') _
2¢ B+ B e — o2 (q) tanh(e(ng — vu(Q)t))

B a—p
+4ey |2 ‘ B11 + Bia Tou(q) cos(qy ny + 2 ™)

 cos(gn e = (wula) = 5 o) = S )

x sech(e(nz — v (q)t)) + O(%).

For the sake of simplicity we omitted the terms of order
€2. Note however, that we included for the numerical sim-
ulations, beside the expressions (49, 50), also the second
order terms given by (23, 27, 31) in the initial conditions.
These terms are important, because only in this case we
could avoid the creation of additional kinks and ripples.

The solutions given by equations (49, 50) are a
superposition of a kink and a symmetric envelope solitary
wave, both moving with velocity v,(q) in the z-direction.
It is seen from equations (49, 50) that in the case I the
envelope solitary wave is a linearly polarized wave, while
in the case II it is a wave with elliptic polarization. The

carrier wave of the type-I envelope solitary wave prop-
agates with its phase velocity in a direction which
depends on the carrier wave vector q (q'). In the
case II the carrier wave is a combination of a prop-
agating longitudinal wave and a standing transversal
wave. The kinks in the solution (49-50) are either
rarefactive or compressive, according to the sign of

R
o () . In the case II the kink in the transversal

¢ —vi(q)
displacements (o = 2) vanishes because R,2(q) =

—R,2(q’) (see Eq. (36)) and uy(n,t) becomes symmetric
in n.

To check the stability and long-time behavior of the
solitary-wave solutions obtained from the NLS equations
(37), we performed molecular dynamics computer simula-
tions. We used an interatomic Morse potential

Va(z) = (1 - eiO‘A(fo)>2 (52)

with a1 = a5 = 0.1 as potential parameters for NN and
NNN interactions, respectively. Note that, in addition to
the Taylor expansions (6, 8, 10) we also performed simula-
tions for the full potential (52) as reference. A comparison
of those simulations showed, that the Taylor expanded
potentials and the simulations of the full Morse potential
yield the same results within 0.5% difference in the dis-
placements, which confirms the accuracy of the expanded
potentials.

We used periodic boundary conditions for the
(transversal) y-direction and free boundaries along the
(longitudinal) z-direction. The equations of motion were
integrated using a symplectic solver [32] and, for compar-
ison, a fourth order Runge-Kutta scheme. The time step
was fixed so that the total energy was conserved up to
a relative error of 1074. The length of the lattice in z-
direction was chosen between 500 and 1000 particles de-
pending on the width and velocity of the excitations and
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the duration of the simulation. The width of the lattice
in y-direction was chosen in such a way that exactly one
period of the applied transversal modulation fitted into
the lattice. We also used larger lattice widths with more
modulation periods included and checked that modes with
longer wavelengths were not excited.

In Figures 2 and 3 we present the longitudinal and
transversal components of the atomic displacements for
the type-I, solitary wave in a chain with Morse interatomic
interactions (52), a carrier wave vector q = (1.8,1.05)
and the frequency which corresponds to the lower branch
p = 2. As initial condition we used equation (49) with
€ = 0.06. The solitary wave is moving with velocity 0.09.
The kink parts for both the longitudinal and transversal
component are rarefactive. The solitary wave is very stable
and there is practically no radiation. Figure 4 shows the
time evolution of the energy density. The solitary wave has
a complicated internal structure. To check how the struc-
ture changes in time we calculated the Fourier-transform
of the initial condition (49) and of the evolved solitary
wave at time 7' = 14 000. The results are presented in Fig-
ures 5—7. It is seen that in the course of the experiment
the internal structure of the solitary wave practically does
not change.

For type-II excitations the situation is more compli-
cated. Figures 8 and 9 show the initial condition and a
snapshot at time 7' = 14 000 for a type-1I excitation with
q = (2.3,1.05) and p = 2. In contrast to the previously
discussed type-Ia solutions there is an additional dynami-
cal behaviour: the width of the excitations oscillates with
an amplitude dependent frequency. This can be seen very
clearly in Figure 10, where we plotted the energy local-
ized in a certain fixed interval around the center of mass
versus time for different solitary wave amplitudes. A maxi-
mum in the curve indicates a minimal width of the solitary
wave. Figure 11 shows an energy density plot for a type-II
excitation and gives a direct impression of the reshaping
behaviour. We remind that for the dynamics of type-II ex-
citations both amplitudes contribute to the coupled NLS
equations (37). This situation is similar to the case of an
optical fiber supporting two distinct propagating modes
[26], where the system is also governed by two coupled
NLS equations. Direct numerical simulations of this set
of equations [33-36] produce the same behaviour as our
type-1I excitations, namely the reshaping of the envelopes
in course of the time. Ueda and Kath examined this be-
haviour analytically using a collective variable approach
[26] and estimated for the frequency of the width oscilla-
tion:

2 6,
wi = — Bt Bme (53)
Inserting the parameters from the simulations of Figures
8 and 9 we obtain a period T; ~ 36 000 for ¢ = 0.03 which
is within the same order of magnitude as the oscillations
in Figure 10 (T; ~ 18000). Furthermore the quadratic
dependence on the amplitude is also confirmed approx-
imately. We conclude that the reshaping of the solitary
waves of the coupled NLS equations found previously in
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Fig. 12. Space Fourier spectrum of the longitudinal displace-
ments of the type-II excitation in Figure 8. The solid lines
represent the initial excitations whereas the dashed lines show
the spectrum at time 7" = 14 000. We show different plots for
each harmonic of the transversal modulation. One can see that
the third harmonic for the modulation in transversal direction
is considerably excited and contributes significantly to the ex-
citation.

nonlinear optics and the reshaping found in the simula-
tions of our discrete system have presumably the same
origin.

The Fourier plots in Figures 12 and 13 give also evi-
dence that type-II solitary waves are not fully described
by the solutions (50). Note that the third harmonic in the
longitudinal displacement is considerably excited, which
makes our approximation in equations (24-26) invalid for
this particular case.

In Figures 15 and 16 we present a collision between two
type-L, solitary waves moving in opposite directions (their
carrier wave vectors are q = (2,2.09) and q = —(2,2.09)).
The solitary waves preserve their shape under the collision
and there is negligible remanent radiation.

In Figures 17 and 18 we present a collision between
type-I, and type-I, solitary waves. In contrast to the pre-
vious case the scattering is apparently non-elastic. Dur-
ing the collision the two solitary waves pass through each
other but some radiation is shedded. Such a difference be-
tween scattering of solitary waves of the same type and
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Fig. 13. Space Fourier transform of the transversal displace-
ments of the type-II excitation in Figure 9. The solid lines
corresponds to 7' = 0, the dashed lines represent the spectrum
at T'= 14000.

of different types is not unexpected. Indeed, the dynamics
of the collision between two type-I, (or I,) waves is gov-
erned mainly by the first NLS equation in (42), while the
component B(z,t) plays the role of a small perturbation.
The almost elastic collision of solitary waves in this case is
the result of the integrability of the NLS equation. How-
ever, when two solitary waves of different types interact,
the dynamics is governed by a system of coupled NLS
equations which is nonintegrable. The scattering of two
solitary of different types in the framework of the system
of two coupled NLS equations was studied in [31]. It was
shown that the collisions are essentially nonelastic. During
collision some radiation is shedded and daughter solitary
waves are generated [31]. Taking into account that the
system (42) represents only an approximate description
of the lattice dynamics, it is evident that in this case the
nonelastic nature of the soliton-soliton scattering in this
case should be more pronounced than in [31].
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Fig. 14. Time Fourier Spectrum of the type-II excitation in
Figures 8 and 9. The plot shows the time Fourier transforms
of the longitudinal and transversal displacements of point
n = (1215, 2) between the times 7" = 12400 and T' = 16 400.
Due to the absence of a non-oscillating contribution to the
transversal displacement in order O(e') one can see nicely the
higher harmonics which were excited though they remain quite
small. Note the logarithmic scale for 4, and .
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Fig. 15. Time evolution for the scattering of two type-I, soli-
tary waves which have carrier wave vectors of q = (2.0, 1.05)
and q = (—2.0,—1.05). The inverse width of the bigger struc-
ture is e = 1/L = 0.16, for the small structure e = 0.08. Only
the longitudinals displacement displacements u, are shown.
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Fig. 16. Energy density plot for the scattering of the two
type-1. excitations from Figure 15.
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Fig. 17. Time evolution for a scattering experiment with
a type-I, and a type-Ip excitation. The parameters are q =
(1.75,1.05), € = 0.1 for the type-I. excitation on the left and
q = (—1.75,1.05), ¢ = 0.1 for the type-I;, excitation on the
right. Only the longitudinal displacements are shown.
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Fig. 18. Energy density plot for the scattering experiment of
Figure 17.

4 Conclusions

We have examined the nonlinear dynamics of anhar-
monic two-dimensional square lattices with anharmonic
interactions of third and fourth order taking into ac-
count the vector character of the atomic displacements.
We have shown that in the quasi-monochromatic approx-
imation and low-amplitude limit the dynamics of the two-
dimensional square lattice is governed by a system of two
coupled nonlinear Schrédinger equations for two slowly
varying envelope amplitudes. The two amplitudes come
here into existence as a consequence of the symmetry of
the lattice: in general, there are two nonequivalent wave
vectors in the first Brillouin zone for which the frequencies
and group velocities of linear eigenmodes coincide.

The conditions for the existence of spatially localized
nonlinear excitations and their dependence on the modu-
lation wave vector were examined with the help of solution
maps. It was shown that the nonlinear excitations are a
superposition of a kink and an envelope solitary wave.
The kink is either rarefactive or contractive depending on
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the parameters of the problem. We considered two types
of excitations: linearly and elliptically polarized envelope
solitary wave. For type-I the envelope solitary wave are ac-
companied by kinks in both the longitudinal and transver-
sal displacements. The elliptically polarized envelope soli-
tary wave (type-1I) are symmetric in the transversal dis-
placements (there is no kink component) and asymmetric
for the longitudinal displacements.

Our analytical solitary wave solutions were tested by
longtime molecular dynamics computer simulations. The
type-1I solitary waves completely preserve their shapes,
also in collision experiments. For the type-II solitary waves
we observe a reshaping, namely oscillations of the width.
This behaviour is compared to analytical and numerical
results obtained from coupled NLS equations in nonlin-
ear optics. We conclude that the reshaping presumably
has the same origin in both systems. In the scattering be-
tween type-I, and type-I}, solitary waves a small part of
the energy is converted into radiation of linear excitations.

Yu. Gaididei would like to express his thanks for the hospitality
of the University of Bayreuth where this work was done. Partial
support was received from project X 271.5 of the scientific and
technological cooperation between Germany and Ukraine.

Appendix: Multiple scale analysis

It turned out that the simulations presented in Section 3
are fairly sensitive to the “right” choice of initial condi-
tions, i.e. our analytical solutions have to be very close to
the solutions of the discrete system.

The main assumption of the following analysis is the
separation of the dynamics of the particle displacements
on different time and space scales. This is a generalization
of the idea of envelope solitary waves for which the smooth
envelope is treated separately from the strongly oscillat-
ing carrier wave (e.g. see [6]). The hierarchy of scales is
taken into account by introducing a new set of indepen-
dent variables

n; = ¢'n (54)
t =€t
where € is the small parameter separating the scales. Fur-

thermore we expand the displacement in the following
way:

ua(n) = € q (no, {ni};to, {t:}).

=1

(55)

Here o € {z,y} designates the longitudinal (z) and
transversal (y) directions and {n;} and {¢;} (¢ > 1) sym-
bolize the set of slow space and time variables.

In the next step we expand the relative displace-
ments (11) between two neighboring particles in a Taylor
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series with respect to e A on the slow scales:

A, {n; — € A}) — us(ng, {n;}) =
A {ni}) — uq(no, {n;})

A, {n;})As

U (no —

U (N —

_Ze ”

0
t3 Z 8nl B 8nm e

ua n0

Ua(ng — A, {n;})AgA,
(56)

Inserting this expression into the equations of motion (12)
and considering separately each order in ¢ we obtain in
O(e') the linear equation

atotoul,a(no,to, )=

D Vap(A
ApB

) [Ulﬂ(l’lo — A,to, .. ) — ulﬂ(no,to, e )] .

(57)

Unfortunately this means that the calculations become
very complex, e.g., see equation (38). In order to eliminate
all errors it proved to be advantageous to use two different
ways of analytical treatment. In this section we apply a
Multiple Scale Analysis to the equations of motion (12),
generalizing Konotop’s treatment of the one-dimensional
case [37]. As we shall see, the approach used in Section 2
and the multiple scale calculations presented here lead to
exactly the same results.

Here and in the following we indicate only the depen-
dency on the fastest variables to enhance lucidity.

The general solution to this equation is obviously a su-
perposition of the linear eigenmodes T, defined in (14)
on the fastest scale. But in contrast to [37] we should also
include a smooth component D, which does not depend
on the fast variables ny and ¢y on the same footing as the
principal envelope structure. As in Section 2 we consider
the star of a fixed carrier wave vector q and one disper-
sion branch p with harmonic frequency w,,, so the general
solution reads

“iwuto—ano) (q) &, (21,t1,...)
_i(w“to—qlno)T ( /) W (,’171’ tl, - )
i Z Tau )+ ce

ul,a(no,to, .. ) =e€

.'171,t1,
(58)

with q = (¢z,¢y) and 4’ = (gz, —¢gy). Similar to equa-
tion (32) we consider only nonlinear excitations which are
localized in z-direction and periodically modulated along
the y-direction and hence drop the space dependency on
{y;} for &,,, ¥, and D,,.
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In the next-higher order O(e?) we obtain the equation

Z Vap(4

— U2 ﬁ(n()’t()’ “ee )) = —28t0t1u1 a(no,to, . )

—Zvag A 89317J,1 g(no—A to, )

+ Zvaﬁ7 (A

ABy

8t0t0’u,27a(1'10,t0,... UQﬁ no—A to,...)

[(ul’g(no — A,to, .. ) — ulﬂ(no,to, e ))

X (ul,,y(no —A,to,...) —U,Lfy(no,to,...)) (68)

To fulfill this equation we must take into account the sec-
ond harmonic as well as an additional smooth contribution
in the displacement us:

u2,a(n07t07"') = Z [Dﬁ’(xlyth'")

k' !
+B]l:/ (z1,t1,...) e~ Wwuto
+BH/( )(231, t1,... ) e~ 2iwnto
xekror (K + c.c.

(69)

Substituting (69) in (68) and using the orthogonality and
completeness properties of the linear eigenmodes Ty, we
single out one equation for each harmonic (see also [37]).
For the non-oscillating component we obtain

~ 1 W, ’ s /, —q
Dﬁ/ (xl; tl, .. .) = — #”:;?qq_ 3/) q )
!

X @M(l‘l,tl,...)!p;(ml,tl,...).

5k/ 7q_q/
(70)

The terms proportional to the first harmonic e ~*r*0 yield

2iwu8t1¢u(.'171,t1,...) (q) 8931@ (:El,tl, )
QiCUMathM(l‘l, tl, .. ) = G (q/) 8;“@ (1‘1 tl, .. ) (71)
with
GM(K) = =i ) Vag(A) Ay sin(K' A) Tay(K') Tppw (k).
afA
(72)
It can be easily shown that
G () = — 2, (K 0, (K') (73)

w
—*" is the harmonic group velocity along

Ok,
the z-direction [37]. Equations (71) can be fulfilled if we
assume that ¢, and ¥, depend on the slow time scale ¢,
and slow space scale 1 only through the traveling wave
variable z1 = 21 — v, t1.

There is also a contribution in the sum (69) originat-
ing from the other branch u’ # p, which corresponds

where v, =
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8t0t0u3a no,to,... ZVQQ U3g Ilo*A to,...)7u3,,3(n0,t0,...))— (67)
—28t0t1 U2, (IIO; th e ) (8t1t1 + 28t0t2)ul,a (IIO; to, . .- )
+ Z Vaﬁ(A) |:—Agcagc1’u,27ﬂ(n0 — A, to, - ) — Aw&vgulﬁ(no — A,to, . )
—I—%Aiawlwlulﬁ(no — A,to, . )
+ ) 2Vapy(A) |:(u1,5(no — A to,...) —uip(no,to,...))
ABy
X (UQW(IIO — A,to, .. ) — ’U,Q,fy(no,to, - ))
—Aw (ulyﬂ(no — A, to, e ) — ulyg(no,to, . ))
X@wlulﬁ(no — A,to, e )
+ Z Vaga,(s(A) [(ul,g(no - A,to, [N ) - ulﬂ(no,to, N ))
ABé
X (ulw(no — A,to, e ) — ulﬁ(no, to, e ))
X (ulyg(no — A,to, .. ) — ulyg(no,to, e )):| .
to the correction proportional to the space derivative in- with
troduced on the r.h.s. of equation (23):
' GHr' .o KA
By (z1,...) = # g (1= 0up) 02 Pulzr, .. ) Buw (k') =4 Z Viwpy (D) Ag Sln2(—)Tﬁu(k/)Tw(kl)
wi; — wy/(aq) A
G (d) (69)
————— 0w, (1 —06uwp) 0 ¥u(z1,...). 74)
wz _wil(q/) q ( 123 H) 21 H( ) (
For the second harmonic we obtain as the coupling parameter and
4 1 W ’ 5 ,2
Bﬁ,(%(zl,...):i% S 2q 2 (21, ) 1 ,
(29 i =5 > Vuw(A)A (70)
1 Wuuu (d',d’,2q") 2 A
Ok’ 2q ¥
2 w (2q') —4w? e 2qr Y (21,
Wi (q, q9,9+d) 5 & v is the square of the sound velocity in z-direction.
’ ’ Zlyee- 21, . . .
w2 (a+dq') — 4w3 wara Pulz (21 ) Looking at the equation proportional to the first har-
(75) monic " and inserting equations (74, 75, 68) we even-

which is equal to equation (27).W,,/ .~ (k,k', k") is de-
fined in equation (28).

Going to the next-higher order we obtain in O(e?) the
equation

See equation (67) above.

We now truncate the asymptotic expansion of the dis-
placement (55) and put w; for ! > 3 to zero. Singling out
the non oscillating part we get the relation

. R,
8z, (D (21,...) + Du(21,...)) = 627()@ (z1,...)]?
w U
Ry (d) 2
I e [ CTI|
ci v2 w

tually end up in a set of coupled Nonlinear Schrodinger
FEquations for the envelope functions ¢, and ¥,,:

— 20w, 04, Pp(21, ... ) — 2iwyvy 03, Pu(21,...) =
wf;k Oy @ulz1, ... ) + By |Pu(z1,.. ) Bu(z,...)
+ Bia | (21,...)]* Bulz,...).
— 2w, 04, Wy (21, . .. ) — 20w, vy, 05, Wy (21,...) =
wua;k“ O Wulz1,...) + Bia |Bu(z1,..)]> Wulza,...)

+ Bog |Wu(z1,.. ) ulz,...) (71)
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1 |Wuuu (q,q, 2Cl
2 w?,(2q) — 4w?

22_2
Ui

- SWMW(q, q,9,9)

BQQ = idem (q — q')

W, o, A A
312=Z| MML(qvq7q q)|

2
p wi(a—d')

2
Z IWW( d,q+d)]
2(a+dq)—4w?

+ Z R,uu’ (q>R,uu’ (q/)

5 2 _GWWW((L q, q’,q/). (72)
w U

By transforming the system into the reference frame mov-
ing with velocity v, we can drop the terms proportional
to 0, P, and 0,,¥,,. The resulting equations are identical
to equation (37).
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